OPEN 3 ACCESS Freely available online 



•0-PLOS I ONE 



Trophic Activity of Human P2X7 Receptor Isoforms A and 
B in Osteosarcoma 

Anna Lisa Giuliani 1 , Davide Colognesi 1 , Tiziana Ricco 1 , Carlotta Roncato 1 , Marina Capece 1 , 
Francesca Amoroso 1 , Qi Guang Wang 2 , Elena De Marchi 1 , Allison Gartland 3 , Francesco Di Virgilio 1 , 
Elena Adinolfi 1 * 

1 Department of Morphology, Surgery and Experimental Medicine, Section of Experimental Pathology, Oncology and Biology, University of Ferrara, Ferrara, Italy, 2 Centre 
For Tissue Injury and Repair, The University of Manchester, Manchester, United Kingdom, 3 The Mellanby Center for Bone Research, the University of Sheffield, Sheffield, 
United Kingdom 



Abstract 

The P2X7 receptor (P2X7R) is attracting increasing attention for its involvement in cancer. Several recent studies have shown 
a crucial role of P2X7R in tumour cell growth, angiogenesis and invasiveness. In this study, we investigated the role of the 
two known human P2X7R functional splice variants, the full length P2X7RA and the truncated P2X7RB, in osteosarcoma cell 
growth. Immunohistochemical analysis of a tissue array of human osteosarcomas showed that forty-four, of a total fifty-four 
tumours (81 .4%), stained positive for both P2X7RA and B, thirty-one (57.4%) were positive using an anti-P2X7RA antibody, 
whereas fifteen of the total number (27.7%) expressed only P2X7RB. P2X7RB positive tumours showed increased cell 
density, at the expense of extracellular matrix. The human osteosarcoma cell line Te85, which lacks endogenous P2X7R 
expression, was stably transfected with either P2X7RA, P2X7RB, or both. Receptor expression was a powerful stimulus for 
cell growth, the most efficient growth-promoting isoform being P2X7RB alone. Growth stimulation was matched by 
increased Ca 2+ mobilization and enhanced NFATcl activity. Te85 P2X7RA+B cells presented pore formation as well as 
spontaneous extracellular ATP release. The ATP release was sustained in all clones by P2X7R agonist (BzATP) and reduced 
following P2X7R antagonist (A740003) application. BzATP also increased cell growth and activated NFATcl levels. On the 
other hand cyclosporin A (CSA) affected both NFATcl activation and cell growth, definitively linking P2X7R stimulation to 
NFATcl and cell proliferation. All transfected clones also showed reduced RANK-L expression, and an overall decreased 
RANK-L/OPG ratio. Mineralization was increased in Te85 P2X7RA+B cells while it was significantly diminished in Te85 P2X7RB 
clones, in agreement with immunohistochemical results. In summary, our data show that the majority of human 
osteosarcomas express P2X7RA and B and suggest that expression of either isoform is differently coupled to cell growth or 
activity. 
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Introduction 

Osteosarcoma is the most common primary bone cancer, 
accounting for approximately six percent of all new paediatric 
tumours per year [1,2]. Histology of cancer lesions shows a 
mixture of proliferating osteoblast cells, responsible for sclerosis, 
and activated osteoclasts, responsible for bone resorption and 
osteolysis. To date, few treatments to counteract pathologic bone 
remodelling and alleviate the associated pain are available [1]. 
Among these the monoclonal antibody denosumab, which blocks 
receptor activator of nuclear factor kB ligand (RANK-L), is giving 
promising clinical results for treatment of cancer related bone 
disorders [3] . The RANK-RANKL system is the main activator of 
osteoclast formation and function. Osteoblast can express or 
secrete either RANKL or its antagonist osteoprotegerin (OPG) to 
induce osteoclasts mediated resorption or to stop it, respectively. 



Interestingly, RANK-L levels have been suggested to be reduced 
in advanced stage osteosarcoma [4]. 

Recent in vitro and in vivo evidence show that the P2X7 
receptor (P2X7R) has a central role in carcinogenesis enhancing 
tumour cell growth [5,6], tumour-associated angiogenesis [5] and 
cancer invasiveness [7,8]. These data further support previous in 
vitro reports demonstrating that P2X7R expression increases cell 
proliferation [9,10], mitochondria and endoplasmic reticulum 
Ca 2+ levels [10,11], vascular endothelial growth factor (VEGF) 
secretion [12], and agarose infiltration [13]. Furthermore, a 
growing literature confirms early findings documenting an 
increased P2X7R expression in human tumours (recendy reviewed 
in [14,15]). Although P2X7R is known to modulate osteoblast 
proliferation and osteodeposition [16], no direct proof of P2X7R 
involvement in bone cancers was available. 
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The P2X7R is an ATP-gated ion channel that, upon sustained 
stimulation with millimolar ATP concentrations, drives opening of 
a non-selective large conductance pore that admits hydrophilic 
molecules of MW up to 900 Da. Besides its natural ligand ATP, 
the most potent, albeit non strictiy selective, pharmacological 
agonist is 2',3'-(4-benzoyl)-benzoyl-ATP (BzATP). Several single 
nucleotide polymorphisms (SNPs), either loss- or gain-of-function, 
are known, some of them associated to diseases as different as 
familiar chronic lymphocytic leukaemia, bipolar-disorders or 
osteoporosis (recently reviewed in [17]). Moreover, nine different 
naturally occurring human P2X7R splice variants (indicated as 
P2X7RA to J) have been identified, P2X7RA being the well- 
characterized full-length receptor [18,19]. Four out of the nine 
splice variants, P2X7RB, P2X7RE, P2X7RG and P2X7RJ, lack 
the extended G-terminal tail typical of P2X7RA. Among these, 
P2X7RJ acts as dominant negative [19], while P2X7RB, unique 
among truncated P2X7R splice variants, is a functional ion 
channel, although unable to form the large conductance pore [18]. 
P2X7RB retains an intron between exons 10 and 11, causing the 
addition of 18 extra aminoacids after residue 346 followed by a 
stop codon. These modifications do not affect receptor pharma- 
cology as P2X7RA and P2X7RB share the same agonists and 
antagonists profile [18]. 

We recently investigated the effect of P2X7RB expression in 
HEK293 cells, showing that, besides P2X7RA, also this isoform 
exerts a trophic activity [13]. Co-expression of both P2RX7A and 
B, which are expressed in many different human tissues, further 
potentiated cell growth. Moreover, P2X7RA and B co-associated 
on the plasma membrane increasing large conductance pore 
opening, endoplasmic reticulum Ca 2+ levels and NFATcl activity 
[13]. 

P2X7R is expressed in primary human osteoblasts, as well as in 
primary rat osteoblasts and human osteosarcoma cell lines [20- 
22]. Furthermore, data from p2rxl~ l ~ mice show that lack of 
P2X7R is associated to reduction of periosteal bone formation 
[23] and osteogenic response to mechanical loading [24]. These 
data are also corroborated by recent findings linking P2X7R SNPs 
to osteoporosis [25]. Several P2X7R loss-of-function SNPs are 
indeed associated to increased osteoporosis risk [26-28], while 
gain-of-function variants are protective [29,30]. P2X7R is 
expressed both in osteoblasts [20] and osteoclasts [31-33] and 
might play a central role in osteoblasts-osteoclasts crosstalk via 
calcium oscillations [34] and other signalling pathways [35]. 
P2X7R promotes osteogenesis by stimulating osteoblast prolifer- 
ation as well as osteodeposition [16] through a series of different 
pathways including c-fos [36], ERK [37], PI3K [38] and COX 
[16]. Finally, P2X7R likely mediates osteoblast ATP release, as 
P2X7R blockers inhibit ATP secretion [39,40]. 

Aim of our study was to shed light on the role of P2X7R in 
human osteosarcoma and to reveal possible different effects of the 
two isoforms A and B of the receptor. P2X7RA and B expression 
was investigated in human osteosarcoma tissue arrays, whereas 
their function was assessed by transfection into the human 
osteosarcoma Te85 cell line. Our data reveal that P2X7R isoforms 
are widely expressed in human osteosarcomas, and that they 
differently modulate cell proliferation and mineralization. 

Materials and Methods 

Reagents and antibodies 

Whole cell culture reagents, lipofectamine LTX, RNA extrac- 
tion PureLink Kit and Fura 2 AM were purchased from Life 
technologies (Milan, Italy). Taq Man Reverse transcription kit was 
from Roche (Milan, Italy), whereas anti P2X7 polyclonal antibody 



(also referred as anti-P2X7R-Cter), BzATP (2',3'-(4-benzoyl)- 
benzoyl-ATP), cell dissociation solution, bovine serum albumin 
(BSA), ethidium bromide, sulfinpyrazone, hygromycin B, cyclo- 
sporin A (CSA), apyrase, Mayer's haematoxylin, dexamethasone, 
ascorbic acid and alizarin red S were from Sigma-Aldrich (Milan, 
Italy). Anti-P2XR7 monoclonal antibody (mAb), targeting the 
extracellular loop of P2X7R [41] (also referred as anti-P2X7R-ec), 
was kindly provided by Professor James Wiley (Florey Neurosci- 
ence Institutes, University of Melbourne, Australia). Secondary, 
HRP-conjugated, goat anti-rabbit and goat anti-mouse antibodies, 
and Liquid diaminobenzidine (DAB) Substrate Chromogen 
System were from Dako (Milan, Italy). Anti-Ki67 rabbit polyclonal 
antibody and NBT/BCIP plus suppressor were from Thermo 
Scientific (Rockford, IL, USA). Alkaline phosphatase (AP)- 
conjugated goat anti-rabbit antibody was from Bethyl (Montgom- 
ery, TX, USA). Access RT-PCR system kit and ENLITEN 
rLuciferase/Luciferin reagent were purchased from Promega 
(Milan, Italy). G418 sulphate was from Calbiochem (La Jolla, 
CA, USA). A740003 was from Tocris (Ellisville, MO, USA). 

Immunohistochemistry and tumour specimens cell 
counts 

A panel of 54 different osteosarcoma specimens was analysed 
using tissue array slides CV2 human, osteosarcoma Super Biochips 
(Super Biochips, South Korea distributed by Tema Ricerca, 
Bologna, Italy). Human samples were collected by Super Biochips 
according to Korean and United States laws (Code of federal 
regulation 45CFR 46.101(b)) ensuring that rights, welfare and 
privacy of human subjects were protected. An External Review 
Board, composed of pathologists from major hospitals and legal 
experts, also reviewed procedures. Slides were heated at 60°C for 
20 min, deparaffinized with xylene and rehydrated by sequential 
passages through decreasing concentrations of ethanol. Endoge- 
nous peroxidase activity was blocked by 15 min incubation at 
room temperature with 0.3% H 2 0 2 in TBS (50 mil Tris, 
150 mM NaCl, pH 7,6). After three rinses in wash buffer 
(0.025 % Triton X-100 in TBS), tissue sections were maintained 
for 2 hours at room temperature with a blocking solution (1% 
BSA, 10% FBS in TBS), and incubated overnight at 4°C with 
either a mouse anti-P2X7R mAb (anti-P2X7R-ec) (65 ug/ml) or a 
rabbit polyclonal anti-P2X7R antibody (anti-P2X7R-Cter) 
(20 |ig/ml) in incubation solution (1% BSA in TBS). Sections 
were rinsed twice in wash buffer, incubated for 60 min at room 
temperature with appropriated HRP conjugated secondary 
antibodies (goat anti-mouse and goat anti-rabbit, respectively) 
diluted 1:100 in incubation solution, washed in TBS, and 
submitted to 6-10 min incubation at room temperature with 
Liquid diaminobenzidine (DAB) Substrate Chromogen System 
(Dako). Counterstaining was performed with Mayer's haematox- 
ylin. The same procedure was applied to 5 |im tissue sections from 
tumours obtained by sub-cutaneous inoculation of either 
HEK293-mock or HEK293-P2X7RA cells into nude mice (see 
[5]), used as negative and positive controls, respectively. Double 
immunostaining was performed applying simultaneously the two 
anti-P2X7R antibodies, at the same conditions as above. 
Furthermore, co-immunostaining using the monoclonal anti- 
P2X7R-ec plus a polyclonal anti-Ki67 antibody (diluted 1:10 in 
incubation solution) was carried out after antigen unmasking 
performed for 30 min at 160°C in citrate buffer, pH 6.0. In both 
cases, after washes, slides were incubated with a mix of the two 
secondary antibodies, i.e. an anti-mouse HRP conjugated and an 
anti-rabbit AP conjugated. Chromogens were finally applied 
sequentially: DAB first and NBT/BCIP plus suppressor subse- 
quently. Counterstaining was carried out as above. Images were 
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acquired with a Nikon Eclipse H550L microscope (Nikon, Firenze, 
Italy) using the NIS-Elements software (Nikon). Tumour cell 
numbers were evaluated by counting haematoxylin stained nuclei 
with Image J software (Image J1.47v Wayne Rasband, NIH, 
USA). 

Cell cultures and transfections 

Human osteosarcoma Te85 cell line [42] was previously used in 
Gartland's laboratory [20]. Cells were grown in DMEM+ 
Glutamax medium supplemented with 10% FBS, 100 U/ml 
penicillin and 100 mg/ml streptomycin (complete culture medi- 
um). Plasmids containing human P2X7RA and P2X7RB were 
previously obtained in our laboratory [10,13] respectively by 
inserting P2X7RA sequence in pcDNA 3. 1 vector, carrying 
gentamicin resistance, and P2X7RB sequence in pcDNA 3.1 
Hygro, containing hygromicin B resistance. Te85 cells expressing 
P2X7RA (Te85-P2X7RA), P2X7RB (Te85-P2X7RB), both 
(Te85-P2X7RA+B) or the empty vectors (Te85-mock) were 
obtained by transfection with lipofectamin LTX and antibiotic 
selection with either G418 sulphate (0.8-0.2 mg/ml), hygromicyn 
(0.2-0.1 mg/ml) or both, as previously described [13]. Serial 
dilutions allowed obtaining single cell clones that were tested at 
fluorimeter for changes in cytosolic Ca 2+ concentration and 
ethidium bromide up-take (see below). Among all clones evaluat- 
ed, at least two for each cell type were employed for subsequent 
experiments. Where not reported data obtained with Te85-mock 
cells were not significandy different from Te85-wt controls. 

RNA extraction 

Cells lysates were obtained with TRIZOL reagent (Life 
technologies), and RNA was extracted using PureLink RNA Mini 
Kit. RNA content was determined using a Nanodrop 2000 
spectrophotometer (Thermo Scientific, Milano, Italia) and RNA 
integrity was checked by electrophoresis on 1.5% agarose gel in 
Tris Borate EDTA (TBE) (89 mM Tris, 89 mM boric acid, 
20 mM EDTA, pH 8.0). Gels were analysed by a RED analyser 
(Cell Biosciences, Santa Clara, CA, USA). 

RT-PCR 

Semi quantitative PCR was performed as previously described 
[13] with Promega RT-PCR access kit (Promega, Milan, Italy) 
using 200-500 ng RNA/sample as template. Primers used were: 

Forward 5' AGATGCTGGAGAATGGAGTG 3', reverse 5' 
TTCTCGTGGTGTAGTTGTGG 3' for P2X7RA. 

Forward 5' C CC ATC GAGGC AGTGGA 3', Reverse 5' 
TTCTCGTGGTGTAGTTGTGG 3' for P2X7RB. 

Forward 5'GAAAATGGAGCTCCTGGTCA 3', Reverse 
5'ACCATTGGCACCTTTAGCAC 3', for collagen I. 

Forward 5' CCTCTGACTTCAACAGCCAC 3', Reverse 5' 
CATGACAAGGTGCGGCTCCC 3' for G3PDH. 

Flow Cytometry 

Two million cells were re-suspended in PBS with the addition of 
200 ug of anti-P2X7R-ec (see reagents and antibodies) at a final 
concentration of 25 ug/ml. Secondary antibody was an anti- 
mouse FITC-conjugated rabbit polyclonal antibody diluted 1:200. 
Fluorescence was measured using a BD FACScan flow cytometer 
(Becton Dickinson, Milan, Italy), data were analysed with BD cell 
quest software and expressed as Mean Fluorescence Intensity after 
subtraction of secondary antibody values. 



Measurement of intracellular calcium concentration 

([Ca 2+ ],) 

Changes in the cytosolic free Ca 2+ concentration were measured 
in a thermostat controlled (37°C) and magnetically stirred Cary 
Eclipse Fluorescence Spectrophotometer (Agilent Technologies, 
Cernusco SN, Milan, Italy) with the fluorescent indicator fura-2/ 
acetoxymethyl ester (fura-2 /AM) as previously described [10]. 
Briefly, 2xl0 6 cells were loaded with 2 uM fura-2 /AM for 30 min 
in the presence of 250 U.M sulfinpyrazone in saline solution 
(125 mM NaCl, 5 mM KC1, 1 mM MgS0 4 , 1 mM NaH 2 P0 4 , 
20 mM HEPES, 5.5 mM glucose, 5 mM NaHC0 3 , and 1 mM 
CaCl 2 , pH 7.4), rinsed, and re-suspended at a final concentration 
of 10 6 /ml in the same buffer. When required, cells were re- 
suspended in Ca 2+ -free saline. Excitation ratio and emission 
wavelength were 340/380 and 505 nm, respectively. 

Measurement of plasma membrane permeabilization 

Increases in plasma membrane permeability were measured by 
monitoring the ethidium bromide up-take. Briefly, 5xl0 5 cells 
were re-suspended in Ca 2+ -free saline solution, incubated in a 
thermostat controlled (37°C) and magnetically stirred fluorimetric 
cuvette in the presence of 20 uM ethidium bromide and 
challenged with the agonist. Full permeabilization was obtained 
by adding digitonin (100 U.M) at the end of the experiment. 
Fluorescence emission was measured at an excitation/ emission 
wavelength couple of 360/580 nm. 

Extracellular ATP measurement 

Extracellular ATP was measured in the culture supernatants 
with ENLITEN rLuciferase/Luciferin reagent, as per manufac- 
turer's instructions. Briefly, 5 x 10 4 cells per well were plated in 96 
well plates. Following adhesion cells were incubated for 24 hours 
in the presence or absence of the required stimuli or inhibitors. 
Luminescence from cell supernatants was measured following 
addition of 100 ul of ENLITEN reagent per well, in a Victor2 
Perkin Elmer luminometer (Perkin Elmer, Wellesley, MA, USA). 

Proliferation assay 

For cell growth assay 1 0 5 cells/ ml were plated in 6-well plates in 
DMEM+Glutamax medium without FBS and maintained at 37°C 
in a C0 2 incubator. Cells were counted at various time intervals 
(24, 48, 72 hours) in a Burker chamber with a phase contrast 
Olympus microscope (Olympus Life Science Europe, Hamburg, 
Germany). 

NFATd activation assay 

Nuclear extracts were obtained with the nuclear Extract Kit 
(Active Motif, Rixensart, Belgium). The NFATcl activation assay 
was performed using a nuclear extract from PHA-stimulated 
Jurkat cells for comparison with the TransAM NFATc 1 ELISA kit 
(Active Motif, Vinci, Biochem, Vinci, Italy) as per manufacturer's 
instructions. 

Real-time PCR 

Expression of receptor activator of nuclear factor kappa B- 
ligand (RANK-L) and osteoprotegerin (OPG) was determined by 
real-time PCR in a Step One Real-Time PCR system (Applied 
Biosystems). Reverse transcription was performed starting from 
1 |ig of RNA/sample using the High capacity cDNA Reverse 
transcription kit (Applied Biosystems) following manufacturer's 
instructions. For real-time PCR, 2 u.1 of cDNA were used as 
template. Amplification was performed with predesigned Taqman 
probes (Applied Biosystem) for RANK-L, OPG and GAPDH as 
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reference mRNA. A comparative CT experiment (AACT) was run 
to allow determination of the change of expression (fold increase) 
of the target cDNA in the test sample relative to Te85 wt reference 
sample. 

Mineralization 

Cells were seeded at a density of 10 5 cells per well of 48-well 
plates, and cultured in complete culture medium. Once confluent, 
cells were cultured for 1 4 days with osteogenic medium (DMEM+ 
0.5% FCS +10 nM dexamethasone +50 IXg/ml ascorbic acid), 
with medium change every 2-3 days. After 14 days, the osteogenic 
medium was supplemented with 5 mM inorganic phosphate and 
cells were cultured for further 7 days, with medium change every 
2-3 days. On completion of the culture, the cells were washed 
twice with PBS and fixed with 100% ethanol for at least 1 hour at 
4°C. After fixation, cells were washed Twice with PBS and 
incubated in 40 mM alizarin red S (pH 4.2) for 90 min on an 
orbital shaker. The excess, unbound stain was completely removed 
by washing cells with 95% ethanol. The plates were then left to 
air-dry overnight, before scanning in a flatbed scanner at 1200 dpi 
and images analysed using Image J software. 

Statistics 

Unless otherwise stated, data shown are mean ± SE. Test of 
significance was performed with Student's t test using Graphpad 
InStat (GraphPad Software Inc, San Diego, CA, USA). Coding: 
*p<0.05, **p<0.01, ***p<0.001. 

Results 

Human osteosarcomas express P2X7RA and P2X7RB 

A tissue array containing samples from 54 stage IV osteosar- 
comas was screened for P2X7RA and B expression by immuno- 
histochemistry. Specimens included mainly osteoblastic and 
chondroblastic osteosarcomas from 39 male and 15 female 
patients, in the 5 to 61 age range. Two different antibodies were 
employed. A P2X7RA-selective polyclonal Ab, directed against 
the P2X7RA-specific C-terminal tail, here abbreviated as anti- 
P2X7R-Cter, and a monoclonal antibody recognizing both 
P2X7RA and B since raised against the extracellular domain 
common to both isoforms, here shortened as anti-P2X7R-ec. 
Antibodies reactivity was frrsdy checked on specimens from 
tumours obtained following inoculation of HEK293-mock and 
HEK293-P2X7RA cells into nude mice (not shown). Represen- 
tative osteosarcoma samples stained by the two different antibodies 
are presented in Figure 1 (panels A-D). Of the osteosarcomas 
analysed, the great majority (44/54) (81.4%) stained positive with 
the anti-P2X7R-ec mAb, while 31/54 (57.4%) resulted positive 
with the anti-P2X7R-Cter Ab. Twenty nine samples (53.7%) 
resulted P2X7RA+B positive since labelled by both the anti- 
P2X7R-Cter Ab as and the anti-P2X7R-ec mAb (Figure IE), 
whereas 15/54 (27.7%) resulted positive only for P2X7RB as 
staining was exclusively obtained using the anti-P2X7R-ec mAb, 
but not the anti-P2X7R-Cter Ab (Figure 1G,H). Evaluation of the 
number of cells per microscopic field demonstrated that osteosar- 
comas expressing uniquely P2X7RB were characterized by a 
higher cell density than osteosarcomas positive for both P2X7RA 
and B (Figure II). This was also confirmed by evaluation at double 
immunostaining of Ki67 labelled nuclei (Figure 2A-D). The 
number of Ki67 positive nuclei was higher in osteosarcomas 
positive uniquely for P2X7RB than in P2X7RA+B positive 
tumours (373.3 ±31.9 vs 189.3±40.9). Co-immunostaining of 
P2X7RA+B tumours with the two anti-P2X7R antibodies 
(Figure 2E-H) showed the presence of a mix of cells among 



which some were positive for P2X7RB only, whereas others 
resulted labelled for both isoforms (arrows in Figure 2G,H). 
Overall these results show that P2X7R is expressed in osteosar- 




■ anti-ec + anti-Cter positive tumours (P2X7RA+B) 

■ unique anti-ec positive tumours (P2X7RB) 



Figure 1. Human osteosarcomas express P2X7RA and P2X7RB. 

Paraffin embedded osteosarcoma tissue array was assayed by 
immonohistochemistry for P2X7R expression (see Materials and 
Methods) and representative samples are shown. (B): osteosarcoma 
stained with a polyclonal antibody recognizing P2X7R C-terminal 
domain (anti-P2X7R-Cter). (D): osteosarcoma stained with a monoclonal 
antibody recognizing P2X7R extracellular domain (anti-P2X7R-ec). (A,C): 
control samples with appropriate secondary antibodies. (E-H): differ- 
ential expression of P2X7R isoforms. (E,G): staining with anti-P2X7R-Cter. 
(F,H): staining with anti-P2XR7-ec. (E,F): representative osteosarcoma 
stained with both antibodies (P2X7RA+B positive). (G,H): representative 
osteosarcoma stained only with anti-P2X7Rec (P2X7RB only positive). 
(I): number of cells per microscopic (40x) field in P2X7RA+B positive 
(purple) or P2X7RB only positive (cyan) tumour specimens. Cells were 
counted as described in Materials and Methods. Data are shown as 
means ± SE (N = 8, ***p<0.001). 
doi:1 0.1 371/journal.pone.01 07224.g001 
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Figure 2. Double immunohistochemistry on human osteosar- 
comas. Co-immunostainings of osteosarcoma tissue array either with 
the anti-P2X7R-ec plus anti-Ki67 antibodies (A-D), or with the two 
primary anti-P2X7R antibodies (E-H) were carried out as described in 
Materials and Methods. (A,C): representative P2X7RB positive osteosar- 
coma showing a higher number of Ki67 positive nuclei (stained in blue) 
respect to a representative P2X7RA+B tumour (B,D). (E-H): representa- 
tive P2X7RA+B positive tumours demonstrating the presence of a mix 
of cells some (stained in brown) positive for P2X7RB only, some others 
(stained in blue-brown) positive for both P2X7RA and B. Two different 
magnifications, 20x (A,B,E,F) and 40x (C,D,G,H) are shown. 
doi:1 0.1 371 /journal.pone.01 07224.g002 

comas and point out a link between P2X7RB expression and 
increased cell density. 

Expression and functional characterization of P2X7R in 
Te85 osteosarcoma cells 

High P2X7R expression by human osteosarcomas makes it 
difficult to investigate the effect of receptor overexpression in 
osteosarcoma cells. We thus used as a model the Te85 human 
osteosarcoma cell line which lacks endogenous P2X7R protein 
expression. Te85 cells were transfected with P2X7RA, P2X7RB 
or co-transfected with both (P2X7RA+B). Receptor expression 
was assessed by both RT-PCR and flow cytometry (Figure 3). RT- 
PCR showed a 400 bp band, corresponding to P2X7RA 
amplicon, in Te85-P2X7RA and in Te85-P2X7RA+B cells, while 
a 500 bp band, corresponding to P2X7RB, was detected in Te85- 
P2X7RB and Te85-P2X7RA+B cells (Figure 3A). Te85-wt cells 
and all P2X7R-transfected cells expressed collagen I as a marker 



of osteoblast differentiation (Figure 3A). Flow cytometry analysis, 
performed using the anti-P2X7R-ec mAb, showed that plasma 
membrane P2X7RA expression was higher than P2X7RB, and 
that the highest level of cell surface expression was achieved in 
Te85 cells transfected with both P2X7RA and P2X7RB (£<0.05 
for P2X7RA+B versus P2X7RA) (Figure 3B). Stimulation with 
500 |XM BzATP (corresponding to the EC 50 for P2X7RB which 
has a lower affinity for ATP than the full length P2X7RA [13]) 
triggered a [Ca 2+ ]; rise in all transfected clones (Figure 3C). Ca 2+ 
increments occurred in the following order: Te85-P2X7RB < 
Te85-P2X7RA < Te85-P2X7RA+B (Figure 3D). This response 
might depend on the different plasma membrane expression level 
of the diverse isoforms (P2X7RB the lowest, P2X7RA+B the 
highest), or on the activation of the receptor-associated large 
conductance pore. To clarify this issue we tested pore formation in 
Te85 transfectants. As shown in Figure 3E, F, P2X7RB did not 
support any plasma membrane permeabilization, a result expected 
due to lack of the extended cytoplasmic C-tail associated to pore 
opening [13]. Unexpectedly, this was also the case for P2X7RA, 
which usually gates the large conductance pore. Interestingly, 
pore-forming activity was restored in Te85 cells transfected with 
both P2X7R variants (Figure 3E, F). To sum up, in order to 
reproduce the typical P2X7R signature in Te85 osteosarcoma 
cells, expression of both P2X7RA and B isoforms is clearly needed. 

P2X7R transfection triggers extracellular ATP release, 
NFATd activation, and drives proliferation of Te85 
osteosarcoma cells 

Extracellular ATP release from Te85 wt and transfected cells 
was measured. Among all cell lines tested, only Te85 cells 
transfected with both P2X7RA and B showed a significandy 
higher value than Te85 wt cells (Figure 4A). Therefore, pore 
formation found in Te85 P2X7RA+B cells appears related to 
extracellular ATP release. Extracellular ATP was significandy 
increased in all transfectants by BzATP treatment, reduced by the 
selective P2X7R antagonist A740003, and fully abrogated upon 
administration of the ATP degrading-enzyme, apyrase (Fig- 
ure 4A). 

Intracellular calcium mobilization is one of the main stimuli 
leading to activation of the nuclear factor of activated T cells 
complex 1 (NFATcl) which has been associated to P2X7R- 
dependent proliferation [1 1] and is also known to be central in 
osteoblast biology [43]. Analysis of NFATcl nuclear translocation 
showed that all P2X7R-transfected Te85 clones had significandy 
higher nuclear NFATcl levels than Te85 wt cells, although no 
major differences were observed among the transfected clones 
(Figure 4B). BzATP treatment significantly increased the levels of 
activated NFATcl in all clones whereas cyclosporin A (CSA), a 
well known NFATc 1 inhibitor, took the NFATc 1 activation levels 
back to that of Te85 wt control cells (Figure 4B). 

Converging evidence from different laboratories show that both 
P2X7RA and B are endowed with a strong growth-promoting 
activity [10,13,44,45], and in particular P2X7RA is overexpressed 
in many human malignant tumours [46-49]. To check whether 
P2X7R might also support osteosarcoma cell growth, we 
investigated the effect of P2X7R isoforms on Te85 cell prolifer- 
ation. P2X7R expression was indeed a powerful stimulus for cell 
growth, the most efficient growth-promoting isoform being 
P2X7RB (Figure 5A). Treatment with either apyrase or 
A740003, significandy reduced, whereas BzATP stimulation 
significandy increased, the proliferative capability of all transfec- 
tants (Figure 5B). This suggests the existence of an ATP-mediated 
loop controlling and sustaining cell proliferation. To confirm the 
central role played by NFATcl in P2X7R-sustained proliferation, 
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Figure 3. Characterization of P2X7R isoforms A and B expressed in Te85 transfected clones. (A): RT-PCR showing selective expression of 
P2X7RA or P2X7RB in Te85 clones. Housekeeping control gene was G3PDH, osteoblast specific gene was collagen I. (B): P2X7R surface expression 
determined by flow cytometry with anti-P2X7R-ec. Graph shows the Mean Fluorescence Intensity (MFI) after subtraction of secondary antibody 
values. Data are shown as means ± SE, N = 3. ***P<0.001 versus Te85 wt; ### P<0.001 versus Te85 P2RX7B; §P<0.05 versus Te85 P2RX7A. (C): 
Representative traces showing intracellular calcium increment following stimulation with 500 |iM BzATP. (D): Calcium variations evoked by P2X7R 
activation showed as means ± SE, N = 10. ***p<0.001 versus Te85 wt. (C): Representative traces showing ethidium bromide uptake following 
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stimulation with 500 uM BzATP. (D): Percentages of ethidium permeabilization on digitonin control showed as means 
versus Te85 wt. Colour coding: green Te85 wt, red Te85 P2X7RA, cyan Te85 P2X7RB, purple Te85 P2X7RA+B. 
doi:1 0.1 371 /journal.pone.01 07224.g003 



SE, N = 10. ***p<0.001 



the effect of CSA was tested on Te85 cell growth. As shown in 
Figure 5B, CSA reduced BzATP-induced proliferation of all 
transfectants proving the reliance of P2X7R-dependent prolifer- 
ation on NFATcl activation in our model. 



P2X7R expression modulates RANK-L, OPG and 
mineralization 

Function of P2X7R on osteosarcoma biology was further 
investigated by checking the expression of two crucial molecules 
for bone homeostasis, i.e. receptor activator of nuclear factor 
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Figure 4. P2X7RA and B increase ATP release and NFATcl activity in Te85 transfected cells. (A): Extracellular ATP was measured in the 
culture supernatants with ENLITEN rLuciferase/Luciferin reagents as described in materials and methods. Te85 clones were plated at 5x1 0 5 cells per 
well in 96 well plates and, following adhesion, incubated for 24 hours in the absence (untreated) or presence of either 100 uM BzATP, 100 |ilvl 
A740003 or 4 U/ml Apyrase. ATP release was expressed as fold increase over Te85 wt reference sample. Data are means ± SE; N = 3. (B) Nuclear 
fractions of the different clones were obtained as described in materials and methods. Activated NFATcl was measured by ELISA in absence 
(untreated) or in presence of either 50 uM BzATP or 10 uM cyclosporin (CSA). CSA vehicle (DMSO) was used as control. Results are compared to 
nuclear NFATcl levels in Jurkat cells stimulated with PHA supplied by manufacturer. In graph means ± SE of absorbance are shown, N = 9. Colour 
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culture medium without FBS. Percentage of viable cells was evaluated at the different time points as described in materials and methods. The graph 
shows means ± SE, N = 12. *p<0.05, ***P<0.001 versus Te85 wt control; # p<0.05 versus Te85 P2RX7A+B, $ p<0.05 versus Te85 P2RX7A. (B) Cell 
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kappa B-ligand (RANK-L) and osteoprotegerin (OPG). While 
RANK-L messenger was reduced in all P2X7R-expressing clones 
(Figure 6A), OPG mRNA was significantly increased only in 
P2X7RB transfected cells (Figure 6B). However, the RANK-L/ 
OPG ratio was decreased in all P2X7R clones. A reduced RANK- 
L/ OPG ratio is generally associated in vivo with decreased bone 
resorption, a powerful boost for bone mass and a feature of 
osteosclerotic lesions. Finally, the effect of P2X7R expression on 



mineralization, another relevant osteoblastic activity, was assessed. 
In this case, the transfection with the two isoforms had quite 
different effects (Figure 6C). P2X7RA alone did not significandy 
modify mineralisation as compared to Te85 wt cells. On the 
contrary, expression of P2X7RB caused a striking reduction of 
mineralisation respect to Te85 wt and Te85-P2X7RA, whereas a 
significant increase was observed in cells transfected with both 
P2X7RA and B variants (Figure 6C). 
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Discussion 

Interaction of tumour cells with ligand molecules present in the 
tumour microenvironment is central in cancer growth and 
progression. ATP recently emerged as an extracellular messenger 
present at high levels in the tumour microenvironment [50-52], 
but the effect of this molecule on carcinogenesis is yet incompletely 
known. In a recent paper we demonstrated that P2X7R is 
involved in tumour growth and neo-vascularization in vivo [5]. 



These data corroborated previous results showing that the P2X7R 
supports proliferation of lymphocytes [9], osteoblasts [16] and 
osteosarcoma cells [53]. 

In the present study, we report that human osteosarcomas 
express at high level the full length P2X7RA and the truncated 
P2X7RB isoforms, two variants previously shown to support cell 
proliferation [13]. Staining with two different antibodies recog- 
nizing either both isoforms or P2X7RA only, allows us to conclude 
that most osteosarcomas analysed express both P2X7RA and 
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P2X7RB. The possibility that isoforms different from P2X7RA or 
P2X7RB are recognized by the anti-P2X7R-ec antibody is very 
unlikely as all other splice variants (P2X7RC-J) either loose or gain 
introns in the extracellular domain recognized by the antibody 
[41]. On the other hand, if expressed, non-functional P2X7RC, 
P2X7RD, P2X7RF and P2X7RH isoforms would be recognized 
by anti-P2X7R-Cter as they carry the same C-terminal tail as 
P2X7RA. However, positivity of 27.7% of total osteosarcomas just 
for the anti-P2X7R-ec strongly suggests that the only variant 
expressed by these tumours is P2X7RB. Furthermore, the finding 
that P2X7RB positive osteosarcomas showed higher cell density 
and increased Ki67 positivity than those expressing both isoforms 
indicates a relationship between P2X7RB expression and 
enhanced cell proliferation. 

P2X7R might sustain osteosarcoma growth in an autonomous 
fashion thanks to autocrine /paracrine ATP release. Further, it 
might also modulate osteosarcoma cell interaction with other bone 
cells by regulating release of key molecules such as RANK-L and 
OPG or by affecting osteodeposition. To deeply investigate these 
points, Te85 osteosarcoma cells, lacking endogenous P2X7R 
protein expression, were stably transfected with either P2X7RA, 
P2X7RB or both. Our data show that all P2X7R-transfected Te85 



osteosarcoma clones displayed increased proliferation, compared 
to Te85 wt or Te85 mock cells, thus confirming a trophic activity 
of P2X7R also in this tumour. Receptor stimulation by BzATP 
significantly increased proliferative activity of all transfected 
clones, Te85 P2X7RB cells presenting the highest growth ability. 
The latter result is in agreement with the immunostaining of 
osteosarcomas in which the truncated P2X7RB isoform was 
present and related to higher cell number. Central to P2X7R 
mediated proliferation is NFATcl activation. This nuclear factor, 
besides being one of the recognized mediators of P2X7R 
dependent growth [1 1], is also a known determinant of osteoblast 
proliferation [43] and bone formation [54] . NFATc 1 activity was 
indeed increased in all P2X7R transfectants, improved by BzATP 
and decreased by CSA treatment. 

Interestingly, P2X7RA and P2X7RB isoforms have differential 
effects on cell growth and on mineralization. In fact, P2X7RB, 
which is unable to generate the large conductance pore, confers 
the highest growth drive, while strongly reduces osteodeposition. 
On the contrary, P2X7RA causes a smaller increase in cell 
growth, whereas mineralization is not significantly different from 
that observed in the Te85 wt cells. Finally, co-transfection with 
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both isoforms causes a cell growth increase comparable to that of 
P2X7RA alone but a stronger stimulus for mineralization. 

Previous studies reported atypical P2X7R pharmacology in 
osteosarcoma cell lines [22]. Accordingly, our data show that, in 
order to produce P2X7R full-blown physiological signature, i.e. 
formation of both channel and large conductance pore, expression 
of P2X7RA in Te85 cells is not sufficient but co-expression of the 
shorter variant (P2X7RB) is also required. In fact, only Te85 
P2XR7A+B cells undergo a small but significant permeabilization 
to high molecular weight solutes, possibly due to either increased 
cell surface expression, as detected at flow cytometry, or 
interaction with a different subset of intracellular proteins [55]. 
P2X7RA+B dependent pore forming activity was accompanied by 
increased spontaneous ATP release that could possibly enhance 
mineralization [13,40,56]. Increased proliferation and reduced 
bone deposition characterizing Te85 P2X7RB cells might be 
suggestive of a de-differentiated phenotype. This is also indicated 
by the reduced extracellular matrix in osteosarcomas positive at 
immunostaining for P2X7RB compared to that of tumours 
positive for both P2X7RA and P2X7RB. In summary, the 
opposite effects of P2X7RB and P2X7RA+B on osteosarcoma cell 
growth and mineralization (Figure 7), suggests that P2X7R as an 
ion channel is predominantly involved in cell proliferation, while 
activation of the P2X7R-associated large conductance pore might 
be chiefly responsible for the differentiation-associated effects. 

A role for P2X7R in bone formation is supported by the 
findings of Panupinthu et al. [16] who found that osteoblasts 
isolated from P2X7R-deficient mice showed reduced bone 
deposition. Contrary to these findings, other in vitro reports 
suggest that ATP spontaneously released from rat osteoblasts and 
acting at P2X7R was responsible for reduced bone formation [57]. 
In our experimental model, P2X7R-mediated ATP release seems 
related to augmented mineralizing activity, as shown by 
P2X7RA+B expressing cells behaviour. Additionally, our study 
points out differences between the two isoforms, in particular 
showing a relation between P2X7RB expression and proliferation, 
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likely at the expense of bone mineralization. The small number of 
human osteosarcomas analysed and limited clinical data in our 
possession do not allow us to conclude whether osteosarcomas 
expressing P2X7RB behave more aggressively. Analysis of a larger 
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coma growth and bone remodelling and point to P2X7 receptor as 
a potential target for osteosarcoma therapy. 

Acknowledgments 

The authors are grateful to Drs. Eleonora Gallerani, Paola Chiozzi, 
Simonetta Falzoni, Tommaso Zordan and to Fabio Casciano for technical 
advice and to Professor Luigi Cavazzini for support in immunohysto- 
chemical analysis. 

Author Contributions 

Conceived and designed the experiments: EA ALG FDV AG. Performed 
the experiments: ALG EA DC TR CR MC FA QGW EDM. Analyzed the 
data: EA ALG FDV AG. Contributed reagents/materials/analysis tools: 
EA FDV AG ALG. Contributed to the writing of the manuscript: EA ALG 
FDV AG. 



Potential, Increases Cellular ATP Levels, and Promotes Serum-independent 
Growth. Mol Biol Cell 16: 3260-3272. 

1 1 . Adinolfi E, Callegari MG, Cirillo M, Pinton P, Giorgi C, et al. (2009) Expression 
of the P2X7 receptor increases the Ca2+ content of the endoplasmic reticulum, 
activates NFATcl, and protects from apoptosis. J Biol Chem 284: 10120-10128. 

12. Hill LM, Gavala ML, Lenertz LY, Bertics PJ (2010) Extracellular ATP may 
contribute to tissue repair by rapidly stimulating purinergic receptor X7- 
dependent vascular endothelial growth factor release from primary human 
monocytes. J Immunol 185: 3028-3034. jimmunol. 100 1298 [pii]; 10.4049/ 
jimmunol. 100 1298 [doij. 

13. Adinolfi E, Cirillo M, Woltersdorf R, Falzoni S, Chiozzi P, ct al. (2010) Trophic 
activity of a naturally occurring truncated isoform of the P2X7 receptor. 
FASEBJ 24: 3393-3404. fj.09-153601 [pii];10.1096/lj.09-153601 [doi]. 

14. Di Virgilio F, Ferrari D, Adinolfi E (2009) P2X(7): a growth-promoting receptor- 
implications for cancer. Purinergic Signal 5: 251-256. 10. 1007 /si 1302-009- 
9145-3 [doi]. 

15. Adinolfi E, Amoroso F, Giuliani AL (2012) P2X7 Receptor Function in Bone- 
Related Cancer. J Osteoporos 2012: 637863. 10.1 155/2012/637863 L doiJ. 

16. Panupinthu N, Rogers JT, Zhao L, Solano-Flores LP, Possmayer F, et al. (2008) 
P2X7 receptors on osteoblasts couple to production of lysophosphatidic acid: a 
signaling axis promoting osteogenesis. J Cell Biol 181: 859-871. jcb. 200708037 
[pii];10.1083/jcb.200708037 [doij. 

17. Jiang LH, Baldwin JM, Roger S, Baldwin SA (2013) Insights into the Molecular 
Mechanisms Underlying Mammalian P2X7 Receptor Functions and Contribu- 
tions in Diseases, Revealed by Structural Modeling and Single Nucleotide 
Polymorphisms. Front Pharmacol 4: 55. 10.3389/fphar.2013. 00055 LdoiJ. 

18. Chccwatrakoolpong B, Gilchrcst H, Anthcs JC, Grecnfcdcr S (2005) 
Identification and characterization of splice variants of the human P2X7 ATP 
channel. Biochcm Biophys Res Commun 332: 17-27. 

19. Feng YH, Li X, Wang L, Zhou L, Gorodcski GI (2006) A truncated P2X7 
receptor variant (P2X7-j) endogenously expressed in cervical cancer cells 
antagonizes the full-length P2X7 receptor through hctcro-oligomcrization. J Biol 
Chem 281: 17228-17237. 



PLOS ONE | www.plosone.org 



11 



September 2014 | Volume 9 | Issue 9 | e1 07224 



P2X7 Expression and Function in Osteosarcoma 



20. Gartland A, Hipskind RA, Gallagher JA, Bowler WB (2001) Expression of a 
P2X7 receptor by a subpopulation of human osteoblasts. J Bone Miner Res 16: 
846-856. 

2 1 . Orriss IR, Knight GE, Ranasinghe S, Burnstock G, Arnett TR (2006) Osteoblast 
responses to nucleotides increase during differentiation. Bone 39: 300-309. 
S8756-3282(06)00347-4 [pii];10.1016/j.bone.2006.02.063 [doi], 

22. Alqallaf SM, Evans BA, Kidd EJ (2009) Atypical P2X receptor pharmacology in 
two human ostcoblast-like cell lines. Br J Pharmacol 156: 1124—1135. BPH119 
tpii];10.1111/j. 1476-5381. 2009.001 19.x [doi]. 

23. Kc HZ, Qi H, Weidema AF, Zhang Q, Panupinthu N, Crawford DT, ct al. 
(2003) Deletion of the P2X7 nucleotide receptor reveals its regulatory roles in 
bone formation and resorption. Mol Endocrinol 17: 1356-1367. 

24. Li J, Liu D, Ke HZ, Duncan RL, Turner CH (2005) The P2X7 nucleotide 
receptor mediates skeletal mcchanotransduction. J Biol Chem 280: 42952— 
42959. 

25. Wcssclius A, Bours MJ, Agrawal A, Gardand A, Dagnelic PC, ct al. (2012) Role 
of purinergic receptor polymorphisms in human bone. Front Biosei 17: 2572— 
2585. 3873 [pii]. 

26. Ohlendorff SD, Tofteng CL, Jensen JE, Petersen S, Civitelli R, ct al. (2007) 
Single nucleotide polymorphisms in the P2X7 gene are associated to fracture risk 
and to effect of estrogen treatment. Pharmacogenet Genomics 17: 555-567. 
10. 1 097 /FPC.ObO 1 3e328095 1625 [doi] ;0 1 2 1 30 1 1-200707000-000 1 0 [pii] . 

27. Jorgensen NR, Husted LB, Skarratt KK, Stokes L, Tofteng CL, et al. (2012) 
Single-nueleotide polymorphisms in the P2X7 receptor gene are associated with 
post-menopausal bone loss and vertebral fractures. Eur J Hum Genet. 
cjhg2011253 [pii];10.1038/ejhg.201 1.253 [doij. 

28. Gardand A, Skarratt KK, Hocking LJ, Parsons C, Stokes L, ct al. (2012) 
Polymorphisms in the P2X7 receptor gene arc associated with low lumbar spine 
bone mineral density and accelerated bone loss in post-menopausal women. 
Eur J Hum Genet 20: 559-564. cjhg2011245 [pii];10.1038/ejhg.201 1.245 
[doi]. 

29. Wesselius A, Bours MJ, Hcnriksen Z, Syberg S, Petersen S, et al. (2013) 
Association of P2X7 receptor polymorphisms with bone mineral density and 
osteoporosis risk in a cohort of Dutch fracture patients. Osteoporos Int 24: 
1235-1246. 10.1007/s00198-012-2059-x [doij. 

30. Husted LB, Harslof T, Stcnkjacr L, Carstens M, Jorgensen NR, et al. (2013) 
Functional polymorphisms in the P2X7 receptor gene arc associated with 
osteoporosis. Osteoporos Int 24: 949-959. 10. 1007 /s00 198-0 12-2035-5 [doij. 

31. Buckley KA, Hipskind RA, Gartland A, Bowler WB, Gallagher JA (2002) 
Adenosine triphosphate stimulates human osteoclast activity via upregulation of 
osteoblast-expressed receptor activator of nuclear factor-kappa B ligand. Bone 
31: 582-590. S8756328202008773 [pii]. 

32. Gartland A, Buckley KA, Hipskind RA, Bowler WB, Gallagher JA (2003) P2 
receptors in bone-modulation of osteoclast formation and activity via P2X7 
activation. Crit Rev Eukaryot Gene Expr 13: 237—242. 

33. Gardand A, Buckley KA, Bowler WB, Gallagher JA (2003) Blockade of the pore- 
forming P2X7 receptor inhibits formation of multinucleated human osteoclasts 
in vitro. Calcif Tissue Int 73: 361-369. 

34. Jorgensen NR, Hcnriksen Z, Sorcnscn OH, Eriksen EF, Civitelli R, et al. (2002) 
Intercellular calcium signaling occurs between human osteoblasts and osteoclasts 
and requires activation of osteoclast P2X7 receptors. J Biol Chem 277: 7574- 
7580. 

35. Grol MW, Panupinthu N, Korcok J, Sims SM, Dixon SJ (2009) Expression, 
signaling, and function of P2X7 receptors in bone. Purinergic Signal. 

36. Okumura H, Shiba D, Kubo T, Yokoyama T (2008) P2X7 receptor as sensitive 
How sensor for ERK activation in osteoblasts. Biochcm Biophys Res Commun 
372: 486-490. S0006-291X(08)00987-X [pii];10.1016/j.bbrc.2008.05.066 [doi]. 

37. Liu D, Gcnetos DC, Shao Y, Geist DJ, Li J, Ke HZ, et al. (2008) Activation of 
extracellular-signal regulated kinase (ERK 1/2) by fluid shear is Ca(2-f-)- and 
ATP-dependent in MC3T3-E1 osteoblasts. Bone 42: 644-652. 

38. Grol MW, Zclncr I, Dixon SJ (2012) P2X-mediated calcium influx triggers a 
sustained, PI3K-dependent increase in metabolic acid production by ostcoblast- 
like cells. AmJ Physiol Endocrinol Metab 302: E561-E575. aj- 
pendo.00209.2011 [pii];10.1152/ajpcndo.00209.2011 [doi]. 

39. Rumncy RM, Sunters A, Rcilly GC, Gartland A (2012) Application of multiple 
forms of mechanical loading to human osteoblasts reveals increased ATP release 



in response to fluid flow in 3D cultures and differential regulation of immediate 
early genes. J Biomcch 45: 549-554. S0021-9290(l 1)00718-4 [piij ; 1 0. 1 0 1 6/ 
j.jbiomcch.201 1.11 .036 [doij . 

40. Brandao-Burch A, Key ML, Patcl JJ, Arnett TR, Orriss IR (2012) The P2X7 
receptor is an important regulator of extracellular ATP levels. Frontiers in 
Endocrinology 3. 10.3389/fendo.20 12. 00041. 

41. Bucll G, Chessell IP, Michel AD, Collo G, Salazzo M, ct al. (1998) Blockade of 
human P2X7 receptor function with a monoclonal antibody. Blood 92: 3521- 
3528. 

42. Rhim JS, Putman DL, Arnstcin P, Huebncr RJ, McAllister RM (1977) 
Characterization of human cells transformed in vitro by N-methyl-N'-nitro-N- 
nitrosoguanidine. IntJ Cancer 19: 505—510. 

43. Stern PH (2006) The ealeineurin-NFAT pathway and bone: intriguing new 
findings. Mol Interv 6: 193-196. 

44. Monif M, Rcid CA, Powell KL, Smart ML, Williams DA (2009) The P2X7 
receptor drives microglial activation and proliferation: a trophic role for P2X7R 
pore. J Ncurosei 29: 3781-3791. 

45. Bianco F, Ceruti S, Colombo A, Fumagalli M, Ferrari D, et al. (2006) A role for 
P2X7 in microglial proliferation. J Neuroehem 99: 745-758. 

46. Slater M, Damcletto S, Poolcy M, Cheng TL, Gidlcy-Baird A, ct al. (2004) 
Differentiation between cancerous and normal hyperplastic lobules in breast 
lesions. Breast Cancer Res Treat 83: 1-10. 

47. Slater M, Danielctto S, Gidlcy-Baird A, Teh LC, Bardcn JA (2004) Early 
prostate cancer detected using expression of non-functional cytolytic P2X7 
receptors. Histopathology 44: 206-215. 

48. Solini A, Cuccato S, Ferrari D, Santini E, Gulinclli S, et al. (2008) Increased 
P2X7 receptor expression and function in thyroid papillary cancer: a new 
potential marker of the disease? Endocrinology 149: 389—396. 

49. ChongJH, Zheng GG, Zhu XF, Guo Y, Wang L, ct al. (2010) Abnormal 
expression of P2X family receptors in Chinese pediatric acute leukemias. 
Biochem Biophys Res Commun 391: 498-504. S0006-291X(09)02264-5 
[pii] ; 10. 1 0 1 6/j.bbrc.2009. 1 1 .087 [doi] . 

50. Pellegatti P, Raffaghcllo L, Bianchi G, Piccardi F, Pistoia V, et al. (2008) 
Increased level of extracellular ATP at tumor sites: in vivo imaging with plasma 
membrane luciferase. PLoS ONE 3: c2599. 

51. Michaud M, Martins I, Sukkurwala AQ, Adjcmian S, Ma Y, ct al. (2011) 
Autophagy-depcndent anticancer immune responses induced by chemothcra- 
peutic agents in mice. Science 334: 1573-1577. 334/6062/1573 [pii]; 10. 1 126/ 
science. 1208347 [doij. 

52. Schumacher D, Strilic B, Sivaraj KK, Wettschureck N, Offcrmanns S (2013) 
Platelet-derived nucleotides promote tumor-cell transcndothclial migration and 
metastasis via P2Y2 receptor. Cancer Cell 24: 130-137. S1535-6108(13)00235-3 
[pii];10.1016/j.ccr.2013.05.008 [doij. 

53. Liu PS, Chen CY (2010) Butyl benzyl phthalate suppresses the ATP-induced cell 
proliferation in human osteosarcoma HOS cells. Toxicol Appl Pharmacol 244: 
308-314. S0041-008X(10)00018-9 [pii];10.1016/j.taap.2010.01.007 [doi]. 

54. Aliprantis AO, Ucki Y, Sulyanto R, Park A, Sigrist KS, et al. (2008) NFATcl in 
mice represses osteoprotcgerin during ostcoclastogencsis and dissociates systemic 
osteopenia from inflammation in eherubism. J Clin Invest 118: 3775-3789. 

55. Costa-Junior HM, Sarmento VF', Coutinho-Silva R (2011) C terminus of the 
P2X7 receptor: treasure hunting. Purinergic Signal 7: 7-19. 10.1 007/ si 1302- 
011-9215-1 [doij. 

56. Pellegatti P, Falzoni S, Pinton P, Rizzuto R, Di Virgilio F (2005) A novel 
recombinant plasma membrane-targeted luciferase reveals a new pathway for 
ATP secretion. Mol Biol Cell 16: 3659-3665. 

57. Orriss IR, Key ML, Hajjawi MO, Arnett TR (2013) Extracellular ATP released 
by osteoblasts is a key local inhibitor of bone mineralisation. PLoS One 8: 
c69057. 10.1371/journal.pone.0069057 [doi];PONE-D-13-14735 [pii]. 

58. Gorlick R, Jancway K, Lcssnick S, Randall RL, Marina N (2013) Children's 
Oncology Group's 2013 blueprint for research: bone tumors. Pediatr Blood 
Cancer 60: 1009-1015. 10.1002/pbc.24429 [doi]. 

59. Bcristain AG, Narala SR, Di Grappa MA, Khokha R (2012) Homotypic RANK 
signaling differentially regulates proliferation, motility and cell survival in 
osteosarcoma and mammary epithelial cells. J Cell Sci 125: 943-955. jcs. 094029 
[pii];10.1242/jcs.094029 [doij. 



PLOS ONE | www.plosone.org 



12 



September 2014 | Volume 9 | Issue 9 | e1 07224 



